The genomic DNAs of bovine papillomavirus (BPV) type 1, type 2 and type 4 were cloned in pAT153. BPV 1 and BPV2 genomes were cloned using the single HindlII sites of the vector and virus DNAs, and BPV4 was cloned using the single BamHI sites. The orientation of the recombinant DNAs was established by restriction enzyme digestion, hybridization and heteroduplex analysis. The results showed that: (i) BPV 1 and BPV2 DNAs are in register and are broadly homologous throughout most of their length when aligned at their single HindlII sites; (ii) depending on the degree of hybridization stringency used, the two DNAs show one major region and several minor regions of partial homology, mainly residing in the segment of the genomes believed to contain the structural genes; (iii) BPV4 DNA shares no homology with either BPV1 or BPV2 DNA.
INTRODUCTION
Papillomaviruses are notorious for their inability to propagate in in vitro systems. This has hampered their analysis, so that until recently nothing was known of their genetic organization. However, much progress has been made in recent years on the physical organization of their genomes, due to the availability of restriction enzymes and molecular cloning techniques. Restriction enzyme maps have been constructed for the human papillomaviruses (HPVs) (Favre etal., 1975; Orth et al., 1977 Orth et al., , 1978 Gissmann & zur Hausen, 1976; Gissmann etal., 1977) , the bovine papillomaviruses (BPVs) (Campo et al., 1980 (Campo et al., , 1981 Pfister et al., 1979; Lancaster, 1979; Potter et al., 1981 ; Morgan et al., 1981) and the cottontail rabbit Shope papillomavirus (CRPV) (Stevens & Wettstein, 1979) . Six different types of BPVs (BPV 1 to BPV6) have been found so far (Campo et al., 1981 ; W. F. H. Jarrett, unpublished results) . The restriction maps of BPVI and BPV2 have been constructed in several laboratories. While all the maps of BPV2 DNA use the single HindIII site as the zero reference point, an inspection of the published maps of BPV1 reveals that different workers have used different coordinates. Lancaster (1979) has assigned the zero map unit to the single HindIII site, Morgan et al. (1981) have assigned it to the single EcoRI site, and Campo et al. (1981) positioned their map so that the single BamHI site of BPVI was coincident with the BamHI site at 0-94 map units in BPV2 DNA. In an attempt to align the physical maps of BPV1 and BPV2 correctly, we decided to perform heteroduplex experiments between these virus genomic DNAs.
As the availability of virion DNA is limited, we cloned BPV1, BPV2 and BPV4 DNA in the plasmid pAT 153 (Twigg & Sherratt, 1980) in order to have satisfactory amounts of them. In this paper we report the construction of the recombinant DNAs, the alignment of their physical maps and the comparison of the virus sequences in heteroduplexes.
METHODS

Molecular cloning.
The construction of recombinant pAT153-BPV plasmids was carried out under Category I physical containment, in accordance with GMAG guidelines. Virions and virus DNA were purified as described previously (Campo et al., 1981) . Escherichia coli HB 101 cells harbouring pAT 153 were grown overnight in L broth containing 50 ~tg/ml ampicillin and 10 ~tg/ml tetracycline (both from Sigma). The cells were harvested and lysed, 0022-1317/82/0000-5264 $02.00 © 1982 SGM and pAT153 DNA was extracted and purified according to standard procedures (Wensink et al., 1974) . Restriction enzymes were purchased from Boehringer Mannheim and used according to the manufacturer's specifications. Viral and plasmid DNAs were cleaved with the appropriate single-cut restriction enzyme. Linear plasmid and virus DNA were mixed in (approx.) a 2 : 1 molar ratio at a plasmid concentration of 60 Ixg/ml and ligated with T4 DNA ligase (Boehringer Mannheim) at 11 °C overnight in 66 mM-Tris-HCl pH 7-5, 1 mM-EDTA, 10 mM-MgCI2, 100 lag/ml bovine serum albumin, 10 mM-dithiothreitol, 1 mM-ATP. Cleavage and ligation were monitored by electrophoresing an aliquot of the mixtures in a 1 ~ agarose gel in E buffer (36 mM-Tris-HCl, 30 mMNaH2POa.2HzO, 1 mM-EDTA) (Loening, 1969) . The ligated DNAs were used to transfect competent CaCI 2-treated E. coli HB 101 cells (Wensink et al., 1974) . Transformants were selected on agar plates containing 50 p.g/ml ampicillin, and the colonies were screened for the presence of virus DNA by hybridization (Grunstein & Hogness, 1975; Thayer, 1979) to nick-translated virus DNA (Rigby et al., 1977) . The positive colonies were grown up in 5 ml L broth containing 50 Ixg/ml ampiciUin, and 100 ~tl samples were used for the analysis of plasmid DNA. This was extracted according to the procedure of Birnboim & Doly (1979) , and analysed by restriction enzyme cleavage and blot hybridization (Southern, 1975) .
Electron microscopy. The size of virus genomes was determined by measuring the lengths of HindlII-digested pBV1 b and pBV2 recombinant plasmids and BamHl-digested pBV4 recombinant plasmids, all compared to circular pBR322 (4-36 kb; Sutcliffe, 1978) in aqueous spread preparations . Heteroduplex mapping was carried out as previously described (Humphries et aL, 1978) using 40~ formamide in the spreading mixture. The effect of a wider range of formamide concentrations was examined using the isodenaturing conditions of Davis & Hyman (1971) . A Wang 2262 digitizer interfaced with a Wang 2200S computer was used for length measurements and data analysis. For heteroduplex mapping, it was programmed to compensate for differences in the length of double-stranded and single-stranded DNA, based on the size ratios of native and denatured circular pBR322 molecules under the same formamide conditions.
RESULTS
Construction of recombinant plasmids
pAT153 DNA is cut once in the tetracycline resistance gene by both HindIII and BamHI. Both BPV1 and BPV2 DNAs are cut once by HindIII, and BPV4 DNA is cut once by BamHI. We chose to clone BPVI and BPV2 DNA in the HindlII site and BPV4 DNA in the BamHI site. Three hybridization-positive and tetracycline-sensitive colonies for each recombinant were grown up and the plasmid DNAs were run on a 1 ~ agarose gel. Native recombinant plasmid DNAs were all larger than pAT 153 ( Fig. 1 a, lanes 1 to 4) . HindIII digestion of the recombinant plasmids supposedly carrying BPVI and BPV2 DNA produced linear pAT153 DNA and a DNA fragment co-migrating with linear BPV2 DNA ( Fig. 1 a, lanes 5 to 8). BamHI digestion of the putative recombinant pAT153-BPV4 plasmid produced linear vector DNA and a DNA fragment co-migrating with linear BPV4 DNA ( Fig. 1 a, lanes 9 to 11). The DNA fragments were transferred to nitrocellulose paper (Southern, 1975) and hybridized to radioactive BPV 1, BPV2 and BPV4 DNA. The native recombinant plasmid DNAs hybridized to the respective virus probes (see Fig. 1 b, lanes 2 to 4). Following digestion, only the fragments co-migrating with virion DNA hybridized strongly, although background hybridization to the pAT153 bands was observed at a much lower level (Fig. lb , lanes 5 to 11). These results showed that the ampiciUin-resistant colonies harboured recombinant pAT153-BPV plasmids, which will be referred to as pBV1 (pAT153-BPV1), pBV2 (pAT153-BPV2) and pBV4 (pAT153-BPV4).
Orientation of the virus genomes in the recombinant plasmids
The orientation of the virus genomes in the recombinant plasmids was determined by digestion with HindIII, with BamHI or with EcoRI, either singly or in combination. For each recombinant, the enzymes used and the molecular weight of the resulting restriction fragments are shown in Table 1 . From a comparison both with the fragments produced by digesting pAT 153 with the same combination of enzymes and with previously published restriction maps (Campo et al., 1980 (Campo et al., , 1981 , it was possible to establish the orientation of the recombinant plasmids, as shown in Fig. 2 . Of the three pBV1 isolates analysed, two had the structure shown in Fig. 2 (a) while the third showed the reverse orientation (Fig. 2b) . The three pBV2 isolates all bad the same orientation ( Fig. 2c) , as did the three pBV4 isolates (Fig. 2d) * The molecular weights were calculated using 2 DNA EcoRI/HindlII fragments as markers. One fragment of pBV 1 digested with HindllI/BamHI/EcoRI, and two fragments of pBV4 digested with BamHI/HindlII were not detected and are not included in the Table. The restriction fragments of each r e c o m b i n a n t were transferred to nitrocellulose p a p e r and hybridized to the respective radioactive virus D N A probes. Only the fragments identified as partly or totally viral were positive (data not shown) confirming our assignments.
Size of cloned virus genomes
The sizes of the virus genomes were measured in electron microscope preparations of HindlIIdigested p B V l b and pBV2. That in p B V l b was found to be 7.68 + 0-22 kb (n = 30), and that in pBV2 was 7.70 + 0-25 kb (n = 30). Thus, within the limits of the standard deviations both these virus genomes have identical mol. wt. of 5.1 × 106 (7.70 kb), in a g r e e m e n t with previous estimates of 4.99 x 106 to 5-17 x 106 (7.56 to 7.83 kb) by agarose gel electrophoresis ( C a m p o et al., 1981) . The mol. wt. of BPV4 was previously estimated to be 4.36 x 106 to 4.50 x 106 (6.61 to 6-82 kb) (Campo et al., 1980) but electron micrograph measurements gave a larger size of 7-27 + 0-32 kb (n = 30).
Relative orientation and homology of cloned virus genomes
SalI cuts only in the vector region of these recombinants and it was used to linearize them for heteroduplex mapping. Since the size of both viruses is 7.7 kb and that ofpATl53 is 3.66 kb, and as the SalI site is 620 base pairs (bp) from the HindIII site, the virus-derived regions would be expected to lie from 5.5 to 73.2~ along the Sa/I-treated molecules.
In heteroduplex preparations between Sa/I-digested pBVla and pBV2, molecules were observed in which the pAT153 regions, but not the virus regions, were hybridized (Fig. 3a) or vice versa. This suggested that relative to the vector these virus genomes were cloned in the opposite orientation to each other. No 'fold-back' structures were consistently seen in either single-stranded virus region, so that no major inverted repeat sequences appear to be present to either papillomavirus genome.
Heteroduplex molecules between Sa/I-digested pBVlb and pBV2 were completely paired along most of their lengths, indicating that the two virus genomes were in the same orientation relative to the vector and, under these spreading conditions which contained 40~ formamide, had homologous sequences. Two classes of non-homologous regions were identified in these heteroduplexes (Fig. 3b) . The first class consisted of pairs of small, unequally sized loops. One pair of 54 ( _+ 20) bp and 183 (4-30) bp, and another pair of 69 ( _+ 14) bp and 165 ( 4-23) bp were at 5.2 (_ 0.5)~ and 74.3 (_+ 0.7)~ respectively along the molecules (n = 25). These positions are close to those expected for the vector-virus DNA junctions. The second class were symmetrical single-stranded loops which lay in the region between the two small loops described above. The most notable feature of the denatured regions was their variability in length and frequency. The major unpaired region, about 500 bp long, was from 55.6 to 60.2~ along the heteroduplex molecules, and one or two smaller loops, each about 200 bp long, were also present at lower frequency in the region between the asymmetrical loops (see Table 2 and Fig. 4) .
If the small asymmetrical loops are indeed at the virus-vector DNA junctions, then the major denatured region would lie 74.0 to 80.7 ~ along the virus-derived segment (orientated with 0 ~ at the junction with the short vector arm) ( Table 2 ). To confirm this interpretation of the position of the virus DNA in the heteroduplex molecules, HindlII-digested pBVlb and pBV2 were hybridized. Heteroduplex molecules of the right length to be the virus genomes (Fig. 3e) had a major region of denaturation at 74-3 (_+ 2-0)~ to q8.4 (_+ 1.6)9o (n = 20), in good agreement with that described above. These data show that under 'standard' spreading conditions containing 40~ formamide, the heteroduplexed virus DNAs displayed variable single-stranded regions, presumably due to local denaturation of sequences with partial homology. The melting temperature of BPV DNA in equivalent salt conditions is calculated to be 68 °C, and 40~ formamide would lower it by 24 °C, so the amount of mismatch in the denatured sequences is estimated to be more than 25~o (Bonner et al., 1973) . If mismatched sequences are present, the appearance of the heteroduplexes should vary with the conditions of hybridization used. As stringency of hybridization is increased, the amount of duplex DNA should decrease as regions of partial homology are progressively melted out. Heteroduplexes were therefore spread in different concentrations of formamide using the isodenaturing conditions of Davis & Hyman (1971) .
Mapping of cloned BP V genomes
When the stringency was reduced by spreading the heteroduplexes from 30~o formamide (allowing hybridization of sequences with up to 30~o mismatch) only the small asymmetrical loops at the vector-virus junctions were still apparent (data not shown): thus, at this lower level of stringency the virus genomes are otherwise identical. When stringency was raised by increasing the formamide concentration above 40~o, additional regions in the virus genomes were melted out. At 60~ formamide (15 ~o mismatch), the regions partially denatured at 40~ formamide were more frequently single-stranded, and an additional region, 26.4 to 31.5 ~o along the virus DNA segment, was denatured in some molecules (see Table 2 , Fig. 3c and 4) . In 75~o formamide (7~ mismatch), three or four large denatured regions were observed. A new loop was seen from 3-2 to 15-3 ~o along the virus region, and the loop that first appeared at 60 ~o form amide had enlarged. The right-hand region was almost completely denatured to form a large loop, frequently divided into two by a short duplex region 82.2 to 84.6~o along the virus DNA segment (see Table 2 , Fig. 3d and 4) . Even under the most stringent conditions the vector regions in the heteroduplexes were always completely double-stranded, as were all the homoduplex molecules in the same preparation.
Heteroduplexes between pBVla or pBVlb and pBV4 showed hybridization between the vector DNA segments, but not between the virus DNA segments (data not shown). Singlestranded pBV4 DNA showed no 'fold-back' structures. DISCUSSION Several papillomavirus genomes have been molecularly cloned in pBR322: HPVI, HPV2, HPV4 (Heilman et al., 1980) , HPV 5 (Ostrow et al., 1982) , H PV6 (De Villiers et al., 1981) , C RPV (Wettstein & Stevens, 1980) , BPV1 and BPV2 (Lowy et al., 1980) . We have now cloned the genomes of BPV 1, BPV2 and BPV4 in pAT 153. Two forms of pBV 1 (pBV 1 a and pBV 1 b) have been identified in which the virus insert is in opposite orientation with respect to the vector, whereas pBV2 and pBV4 have been found in only one orientation. All recombinant plasmids are capable of transforming NIH/3T3 mouse fibroblasts, showing that in all cases the virus genomes have maintained their biological properties. In addition, NIH/3T3 cells can be transformed by a deletion mutant of pBVla that lacks the smaller BamHI fragment (Fig. 2a) which spans the inactivated tetracycline resistance gene of pAT153 and the non-transforming region of BPV 1 (M. S. Campo & D. Spandidos, unpublished results) . This deleted recombinant plasmid, similar to the one already used by Sarver et al. (1981) , may prove to be an efficient eukaryotic cloning vector.
We have confirmed that the genome of BPV4 is quite different from the genomes of BPV1 and BPV2. Although heteroduplexes containing pBV4 were made with pBV 1 a or pBV I b but not with pBV2 as the other component, we are confident that BPV4 DNA also has no extensive regions of homology with BPV2 DNA, on the basis both of previous results (Campo et al., 1980) and of the great similarity between BPV1 and BPV2 DNA.
In pBV l b and pBV2 the virus genomes are in the same orientation with respect to the vector; their sizes are similar and their sequences are broadly in register along their whole length. The virus genomes differ primarily by regions of more or less mismatched sequences rather than by gross deletions or substitutions. The only exception appears to be in the immediate vicinity of the vector-virus junctions where there are small asymmetrical pairs of loops. As the HindlII site used for cloning is intact, these are unlikely to be due to deletions occurring during the cloning procedure, but may be due to small local substitutions or inversions.
The physical maps of the BPVI and BPV2 virus genomes can now be correctly aligned. When aligned at the HindIII sites, at least ten other restriction enzyme sites are in the same map positions and may be homologous. Thus, in agreement with Lancaster (1979) , and in the absence of functional landmarks such as the origin of DNA replication, the zero map unit should be temporarily assigned to the HindlII site of both BPV1 and BPV2 genomes.
Sixty-nine% of the BPV1 genomes, from the HindlII to the BamHI site, is sufficient for transformation (Lowy et al., 1980) , and recently both the putative structural and non-structural genes of BPV1 have been identified (Amtmann & Sauer, 1982) . HPV1 DNA has been sequenced (Danos et al., 1982) and it has been structurally and functionally aligned with BPV1 DNA (Croissant et al., 1982) . The non-structural transforming genes of BPV 1 lie in the left-hand two-thirds of the virus region shown in Fig. 4 and the structural ones in the right-hand third. We find that the region corresponding to the transforming segment of BPV1 is almost completely homologous between the two genomes, whereas the major region of partial homology is confirmed to the structural non-transforming segment. However, when pBV1 and pBV2 heteroduplexes are analysed under conditions which allow up to 309/o mismatch the structural region also can form a stable duplex. The same conditions allow the equivalent region of BPV2 DNA to hybridize to HPV1 DNA (Law et al., 1979) . These results suggest that the structural genes have diverged between BPV1 and BPV2 by the same extent as they have between BPV2 and HPV1. A comparison of the nucleotide sequences of the papiUomavirus genomes should confirm this interpretation.
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